Kinetics
of amylase release by dispersed acini prepared from guinea pig pancreas.
Am. J. Physiol. 23X6): E743-E749, 1978 or Am. J. Physiol.: Endocrinol. Metab. Gastrointest.
Physiol. 4(6): E743-E749, 1978. -When incubated with a secretagogue such as cholecystokinin (CCK), dispersed acini prepared from guinea pig pancreas released substantially more amylase than did dispersed single acinar cells. With CCK the rate of amylase release from dispersed acini decreased after 5 min of incubation and remained constant for the subsequent 25 min. The magnitude of the reduction in the rate of amylase release after 5 min was greater with higher concentrations of CCK. With vasoactive intestinal peptide (VIP), the rate of amylase release remained constant for at least 30 min. With CCK plus VIP, potentiation of the rate of amylase release occurred only during the first 15 min of incubation. After 15 min of incubation, the effects of the two peptides were additive. When dispersed acini were first incubated with CCK, potentiation of amylase release occurred only when VIP was added during the initial 10 min of incubation. In contrast, when cells were first incubated with VIP, potentiation of amylase release occurred when CCK was added as long as 30 min after VIP.
cholecystokinin; cholinergic agents; secretin; vasoactive testinal peptide; pancreatic acinar cells; pancreatic acini IN A PREVIOUS STUDY (14) , we found that release of inamylase from dispersed acinar cells prepared from guinea pig pancreas was increased by cholecystokinin (CCK), carb amylcholine, vasoactive intestinal peptide (VIP), or secretin. Furthermore, potentiation of amylase release occurred with a secretagogue that increased cyclic GMP (i.e., CCK or carbamylcholine) plus a secretagogue that increased cyclic AMP (i.e., VIP or secretin) but not with two secretagogues each of which increased the same cyclic nucleotide (i.e., not with CCK plus carbamylcholine or with VIP plus secretin). In these previous experiments, the magnitude of the increase in amylase release caused by a particular secretagogue was relatively small and was not sufflcient to allow a detailed examination of the kinetics of enzyme release. In the present paper, we report a technique for preparing a suspension of dispersed acini that, when incubated with a particular secretagogue, release substantially more amylase than do dispersed single acinar cells. Using this suspension of dispersed acini, we have examined the time course of amylase release caused by various secretagogues as well as how the time course of enzyme release caused by one agent is altered by adding a second agent.
MATERIALS
Male NIH strain guinea pigs (150-200 g) were obtained from the Small Animals Section, Veterinary Resources Branch, National Institutes of Health, Bethesda, MD; HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) from Calbiochem, LaJolla, CA; carbamylcholine, soybean trypsin inhibitor, crude collagenase (Clostridium histolyticum), and crude hyaluronidase (bovine testis) from Sigma Chemical Co., St. Louis, MO; basal medium (Eagle) amino acids (100 times concentrated) from Grand Island Biological Co., Grand Island, NY; essential vitamin mixture (100 times concentrated) from Microbiological Associates, Bethesda, MD; glutamine from Research Plus Laboratories, Inc., Denville, NJ; bovine plasma albumin (fraction V) from Armour Pharmaceutical Co., Phoenix, AR; A suspension of dispersed acini' (Fig.  1, right) was prepared by injecting the pancreas 5 times with 5 ml of digestion solution composed of standard incubation solution plus purified collagenase (0.18 mg/ ml). The pancreas was incubated for 15 min at 37°C in a Dubnoff incubator at 160 oscillations per minute. The gas phase was 100% Oz. The digestion solution was discarded, and the tissue was washed 3 times with 5 ml of standard incubation solution.
The pancreas was incubated with 5 ml of digestion solution for 10 min at 37°C and washed once with standard incubation solution. This step was repeated once, and the tissue was dispersed by passing it 5 times through each of a series of siliconized glass pipettes of decreasing bore (3, 1, and 0.5 mm). Large fragments of tissue and the duct system were discarded. The suspension of dispersed acini was layered over standard incubation solution containing 4% (wt/vol) albumin and centrifuged for 5 s at 800 x g. The supernatant was discarded, and the acini were washed twice with standard incubation solution containing 4% (wt/vol) albumin. Dispersed acini from one ____- pancreas were suspended in 200 ml standard incubation solution containing 0.5 mM calcium and 5 mM theophylline. Theophylline was added because it enhances the stimulation of amylase release and the increase in cellular cyclic nucleotides caused by various secretagogues (8, 10, 13, 14, 16, 29) .
Amylase release. Amylase release was measured using the procedure reported previously (14). At appropriate times 500 ~1 of cell suspension was centrifuged at 10,000 x g for 15 s in a Beckman model-153 microcentrifuge. Supernatant (200 ~1) was added to 500 ~1 of diluent solution (0.01 M sodium phosphate (pH 7.8), 0.1% (wt/vol) albumin, and 0.1% (wt/vol) sodium dodecylsulfate). Duplicate lOO-~1 samples were assayed for amylase activity by the method of Ceska et al. (6, 7) using the Phadebas reagent. To assay total amylase activity, 1.5 ml of cell suspension was added to 15 ml of diluent solution and after vigorous agitation, duplicate lOO-~1 samples were assayed for amylase activity. Amylase release was expressed as the percentage of total amylase activity that appeared in the incubation medium during the incubation period.
Triplicate values from the same incubation tube had a coefficient of variation of 4%, and values from triplicate incubation tubes had a coefficient of variation of 9%. The major source of variation in these experiments was day-to-day. The coefficient of variation for basal amylase release determined on 16 different days was 34%. The coefficient of variation for amylase release from dispersed acini incubated with lo-" M CCK-OP measured on 12 different days was 27%. Expressing values for stimulated amylase release as a percentage of the basal value for that day did not reduce the variation.
RESULTS
In terms of the increase in amylase release caused by a particular secretagogue, dispersed acini were substantially more responsive than single acinar cells.
During a 60-min incubation at 37"C, amylase release from single acinar cells was Z-3% and with CCK-OP (lOmg M) enzyme release was increased by approximately 50% (Fig. 2 fold, by VIP was sixfold, and by secretin was sevenfold ( Fig. 3) , Although in terms of amylase release, dispersed acini were more responsive to secretagogues than were single acinar cells, for a particular secretagogue these two cell preparations were comparable in terms of threshold and maximally effective concentrations as well as in terms of the configuration of the dose-response curves (compare Fig. 3 with Fig. 2 in ref.
14)
To examine the time course of amylase release, dispersed acini were incubated with a particular secretagogue and release of amylase activity into the incubation medium was determined at various times (Fig.  4) With lo-l0 M CCK-OP, amylase release was constant for the duration of the 30-min incubation (Fig. 4) . With concentrations of CCK-OP from 10m9 to low7 M, the rate of amylase decreased after 5 min of incubation and remained constant for the subsequent 25 min (Fig.  4) . During the initial 5 min of incubation, the rate of amylase release with 10-l' M CCK-OP was the same as that with the other concentrations of CCK-OP tested (Fig. 4) . From 5 to 30 min, concentrations of CCK-OP above lO-L* M caused lower rates of enzyme release (Fig. 4) . Res u It s similar to those obtained with CCK-OP were obtained with carbamylcholine (not shown). In contrast to results obtained with CCK-OP, the rate of amylase release with VIP remained constant during a 30-min incubation and supramaximal concentrations of VIP did not cause submaximal rates of amylase release (Fig. 4) , Results with secretin were similar to those obtained with VIP in that the rate of enzyme release remained constant for at least 30 min of incubation (not shown).
In previous studies using single acinar cells (14), we found that the increase in amylase release caused by CCK-OP plus VIP was significantly greater than the sum of the increase caused by each agent alone. In the 18/ 16-Secreti n 1o-jo lo-9 l;-8 ,;-7,;-6 ,;%> lo-4 lo-3 lo-11 lo-10 lo-9 lo-8 10-7 lo-6 present studies using dispersed acini, the magnitude of the maximal response to CCK-OP was increased significantly by VIP (Fig. 5) . In agreement with studies using single acinar cells (14) the magnitude of the potentiation caused by VIP, like the response to CCK-OP alone, depended on the concentration of CCK-OP (Fig. 5) . As th e concentration of CCK-OP increased, the potentiation caused by VIP increased, became maximal, and then decreased (Fig. 4) . Results similar to those illustrated in Fig. 4 were obtained using secretin (low7 M) instead of VIP or using carbamylcholine ( 10W7-lo-" M) instead of CCK-OP (not shown). r Because VIP-stimulated amylase release remained constant for at least 30 min, whereas the rate of CCK-OF-stimulated amylase release decreased after 5 min of incubation, we compared the time course of the effect of VIP plus CCK-OP on amylase release to the sum of the effect of each peptide alone (Fig. 6) . During the first 15 min of incubation, the increase in amylase release from acinar cells incubated with VIP plus CCK-OP was 23% (i.e., 25% minus 2%), and this increase was significantly greater than the sum of the increase caused by each peptide alone (i.e., VIP, 3% + CCK-OP, 9% = 12%) (Fig. 6 ). However, with VIP plus CCK-OP, the increase in the rate of amylase from 15 to 30 min or from 30 to 45 min was not greater than the sum of the increase caused by each peptide alone (Fig. 6 ). In cells that had been incubated with VIP for 15 or 30 min, the increase in amylase release caused by adding CCK-OP was significantly greater than the increase caused by adding CCK-OP to cells incubated without VIP (Fig.  6) . As was the case when CCK-OP and VIP were added simultaneously, the duration of the potentiation was not longer than 15 min when CCK-OP was added after VIP (Fig. 6 ). tical times without VIP (Table 1 ). In contrast, the increase in amylase release caused by adding VIP to cells that had been incubated with CCK-OP for 15 or 30 min was not significantly different from the increase caused by adding VIP to cells incubated for identical times without CCK-OP (Table 1) . Potentiation of the action of VIP by CCK-OP could be observed provided that VIP was added within 10 min after adding CCK-OP. That is, the increase in amylase release caused by adding VIP to cells incubated with CCK-OP for 5 or 10 min was approximately 2.5 times that caused by adding VIP to cells incubated for the same time without CCK-OP (Table 1) .
DISCUSSION
In a previous paper (l4), we reported that various pancreatic secretagogues were able to increase release of amylase from dispersed pancreatic acinar cells; however, the increase in enzyme secretion was in most instances less than onefold. To analyze the effects of various secretagogues creatic acinar cells in on enzyme secretion from panvitro, a more responsive preparation of cells was required. In this study we found that dispersed acini prepared by incubating the pancreas with purified collagenase (without hyaluronidase or EDTA) were substantially more responsive to secretagogues than were single acinar cells. For example, CCK-OP caused a fivefold increase in enzyme release from dispersed acini but only a 50% increase in enzyme release from single cells (Fig. l) + These findings agree with a previous study using mouse pancreas in which bethanechol caused greater release of amylase from dispersed acini than from single acinar cells (33). The increase in amylase release from single cells was sufficiently small that we could not detect time-dependent changes in the actions of CCK-OP or carbamylcholine and accounts for our previously published statement that with these secretagogues the rate of amylase release from single acinar cells was constant for at least 3 h (14). The basis for the increased responsiveness of dispersed acini is not known; however, acinar cells in situ have been shown to be electrically coupled (20) (21) (22) . Because a similar phenomenon might occur in acini but not in single cells, this coupling might in some way be related to the increased responsiveness of the preparation used for this study. On the other hand, dispersed single acinar cells from mouse pancreas lose the apical membrane complex of microvilli and microfilaments, whereas dispersed acini retain these structures (33), and this retention may account for the increased responsiveness of dispersed acini. Although the magnitude of the increase in amylase release caused by a particular secretagogue was greater in dispersed acini than in single cells, these two preparations responded similarly in terms of dose-response curves for secretagogue-stimulated amylase release (compare Fig. 3 with Fig. 2 in ref. 14) and the concentration-dependent potentiating interactions between pairs of secretagogues (compare Fig. 5 with Fig. 3 in  ref. 14) .
One of the main purposes of this study was to explore the basis for the difference between the configuration of the dose-response curve for stimulation of amylase release by CCK or carbamylcholine and that for stimulation of enzyme release by VIP or secretin. In other in vitro studies using dispersed acinar cells (14, 3Z), pancreatic fragments (19, 27, 31) , or pancreatic lobules (17) as well as in vivo experiments (9, 24), the dose-response curve for amylase secretion stimulated by CCK or cholinergic agents has had a configuration similar to that found in this study. That is, as the concentration of CCK or cholinergic agents was increased, enzyme release increased, became maximal, and then decreased with supramaximal concentrations of the secretagogue.
Some studies (1, 4, 5, 10-12, 15, 18, 25, 26, 28, 30) , however,
have not detected a decrease in enzyme secretion with supramaximal concentrations of CCK or cholinergic agents. In some instances this failure appears to be attributable to the secretagogue not having been tested at sufficiently high concentrations. In others, the incubation time or the magnitude of enzyme release may not have been sufficient to permit detection of the decrease in enzyme secretion at high concentrations of secretagogues. In the present studies we found that the configuration of the dose-response curve for amylase release stimulated by CCK-OP was related to a decrease in the rate of amylase release after 5 min of incubation and that the magnitude of the decrease depended on the secretagogue concentration, This time-and concentration-dependent change in the rate of amylase release caused the configuration of the dose-response curve to be time-dependent.
With a 5-min incubation, stimulation of amylase release was maximal at 10-l* M CCK-OP and remained constant at higher concentrations of CCK-OP.
With incubation times of more than 5 min, stimulation of amylase release was maximal with 10p10 M CCK-OP and then decreased with higher concentrations of CCK-OP.
In contrast to results with CCK-OP or carbamylcholine, the rate of amylase release from cells incubated with VIP or secretin did not decrease over time, the configuration of the dose-response curve for VIP-stimulated amylase release did not depend on incubation time, and there was no decrease in stimulation of enzyme release with supramaximal concentrations of VIP.
As we observed previously with single acinar cells (l4), the increase in amylase release from dispersed acini caused by CCK-OP plus VIP was significantly greater than the sum of the increases caused by each peptide alone. In addition to depending on the concentrations of CCK and VIP (Fig. 5) this potentiation also depended on incubation time in two different respects. First, the time course for potentiation was similar to that for the action of CCK-OP in that the increase in the rate of amylase release caused by CCK-OP plus VIP was significantly greater than the sum of the increases caused by each peptide alone only during the first 15 min of incubation. After 15 min, the increase in the rate of release with the two peptides in combination was equal to the sum of the increase caused by each peptide alone. Second, when VIP was added after CCK-OP, potentiation of amylase release occurred only when VIP was added within 10 min of CCK-OP. When VIP was added more than 10 min after CCK-OP, the actions of these two peptides were additive. In contrast, when VIP was added first, CCK-OP could be added as long as 30 min later, and potentiation still occurred. Finally, even when VIP and CCK-OP were added in sequence, the time course of potentiation was the same as when the two peptides were added simultaneously, i.e., the increase in the rate of enzyme release with CCK-OP plus VIP was significantly greater than the sum of the increase caused by each peptide alone only during the initial portion of incubation with the two peptides.
Previous studies (14) have indicated that there are two parallel pathways for stimulation of amylase release from pancreatic acinar cells. One pathway appears to be mediated by changes in cellular calcium and cyclic GMP and is activated by CCK or cholinergic agents. The other pathway appears to be mediated by cyclic AMP and is activated by VIP or secretin. The present studies illustrate additional differences between these two pathways.
The increase in the rate of amylase release caused by agents that cause calcium outflux and increase cellular cyclic GMP (i.e., CCK and cholinergic agents) was maximal during the initial period of incubation and then decreased, whereas that caused by agents that increase cellular cyclic AMP (i.e., VIP or secretin) tended to remain constant.
Furthermore, stimulation of amylase release was submaximal with supramaximal concentrations of CCK-OP but not with supramaximal concentrations of VIP. Finally, to cause potentiation of amylase release, VIP had to be added within 10 min after CCK-OP, However, when VIP was added first, potentiation still occurred when CCK-OP was added as long as 30 min later.
We do not know the biochemical basis for these differences between the actions of agents that increase cyclic GMP and those that increase cyclic AMP. The differences in the time courses of action of these two classes of secretagogues may reflect differences in the time courses for cellular cyclic nucleotides, in the time courses of activation of cyclic nucleotide-dependent protein kinases, etc. For example, in pancreatic acinar cells incubated with CCK or cholinergic agents, cyclic GMP has been found to increase, become maximal, and then decrease as a consequence of release of cyclic GMP into the incubation medium (23 
